We present a library of 139 near-IR spectra of cool asymptotic giant branch stars that will be useful for comparison with theoretical model atmosphere calculations and for modeling the integrated emission from intermediate-age stellar populations. The source list was selected from the "extremely red" region of the INT Photometric Hα Survey (IPHAS) colour-colour plane that is overwhelmingly dominated by very late-type stars. The spectral library also includes a large fraction of S-type and carbon stars. We present a number of spectral classification sequences highlighting the various molecular features identified and discuss a number of rare features with uncertain identifications in the literature. With its focus on particularly cool photospheres this catalogue serves as a companion to recent spectroscopic atlases of MK standards in the near-IR. Finally the relationship between IPHAS (r ′ −i ′ ) and (r ′ −Hα) colours and spectroscopically determined properties is discussed and a strong correlation between (r ′ −Hα) colour and the C/O abundance index for S-type and carbon stars is noted. This relation has the potential to separate O-rich, S-type and carbon stars in the Galaxy based on their photometry alone.
INTRODUCTION
Asymptotic giant branch (AGB) stars represent one of the last evolutionary stages passed through by all intermediate mass stars (0.8 < M/M⊙ < 8.0) and are responsible for large amounts of processed material returned to the interstellar medium (ISM). Their cool extended atmospheres and winds are prime sites for the development of molecular chemistry and the formation of dust grains. AGB stars are also some of the most luminous stars in a galaxy and are the most dominant source of near-IR light from intermediate age (10 8 − 10 9 yr old) stellar populations (Lançon & Wood 2000) . In particular, the reddest, thermally pulsating AGB stars may contribute as much as 80% of the integrated population light of a galaxy in the K-band (Lançon & Wood 2000) .
The spectral energy distributions of AGB stars peak in the near-IR, which also offers some of the most prominent molecular features that are sensitive to both surface gravity and effective temperature (e.g. TiO, H2O, and CO). Improvements in infrared array detectors have led to considerable advances in the construction of infrared spectrographs, which have also led to developments in our understanding of the near-IR spectral region (e.g. Joyce 1998; Meyer et al. 1998 ; Wallace & Hinkle 1997) . Despite this, the majority of existing near-IR spectral libraries of AGB stars are limited to K and early-M types and contain few stars of late M-type. This is a product of both their relative local rarity and the high obscuration from circumstellar material produced during the evolution to the OH/IR phase.
This paper presents a library of over 100 near-IR spectra of AGB stars, including many S-type and carbon stars. To overcome the bias towards early-type M giants in existing spectral libraries, this library has a particular focus on late-type M giants, with more than half the classified O-rich sources of type M6 or later. The spectral resolution in the near-IR is sufficient to identify the majority of molecular bands and the strongest individual metal lines. This library will therefore be of use to those modelling the integrated emission from intermediate-age populations, those studying the evolution of very late-type AGB stars and for comparison with theoretical models of the spectra of late-type stars.
In Section 2 we discuss the selection of targets and the observational and data reduction process. In Section 3 we present the spectra, arranged by chemical type, spectral type and observational band and outline the methods used to perform spectral classification. Finally in Section 4 we present the results of the spectral classification, with particular reference to the optical and near-IR colours from which the targets were selected.
OBSERVATIONS
The recent generation of deep photometric surveys of the Galactic Plane, such as the Isaac Newton Telescope (INT) Photometric Hα Survey (IPHAS, Drew et al. 2005; González-Solares et al. 2008 ) are greatly increasing the number of known objects in short-lived evolutionary phases in our Galaxy, including many AGB stars. While AGB stars are easily detected in the near-IR where the majority of their light is emitted, deep optical surveys offer other considerable advantages. In particular, the filter combination employed by IPHAS (Sloan r ′ , i ′ , and narrow-band Hα filters) provides a colour-colour diagram (r ′ −Hα versus r ′ − i ′ , e.g. Figure 1 ) where the dwarf and giant branches are very clearly separated (e.g. Drew et al. 2005) . Though AGB stars are fainter and suffer more obscuration in the visual than the near-IR, the high photometric depth of IPHAS (r ′ = 20 at 10σ), allows it to detect AGB stars at distances of several kpc and through extinctions up to AV ∼ 10 (see Figure 5 of Wright et al. 2008) . For example, an AGB star of temperature class M, seen through a reddening of E(B − V ) ∼ 2 (1) will be detectable to a distance of ∼13 (45) kpc. Given the survey's coverage of the entire northern Galactic Plane (l = 30 -210, −5
• b +5
• ) and the typical levels of extinction found outside the Solar circle (E(B − V ) ∼ 1 -2), this will allow the great majority of AGB stars in this region to be detected. Wright et al. (2008) studied a population of "extremely red stellar objects" (ERSO) identified from IPHAS data and classified as stellar sources with (r ′ −i ′ ) > 3.5. They showed that this region consisted almost entirely of highly reddened AGB stars, many with significant amounts of circumstellar material indicative of massloss rates appropriate for the tip of the AGB.
Targets for spectroscopy were chosen to fully explore the entire ERSO region of the IPHAS colour-colour plane. We also attempted to obtain a good representation of sources across the Galactic plane, though this was partly limited by our observations taking place in the summer months at the Roque de Los Muchachos Observatory.
Spectra of 139 sources were obtained using LIRIS (Long-slit Intermediate Resolution Infrared Spectrograph, Acosta Pulido et al. 2003; Manchado et al. 2004 ), a near-IR camera/spectrometer on the 4.2 meter William Herschel Telescope (WHT) at the Roque de Los Muchachos Observatory in La Palma, Spain. Observations were performed on five nights in the summers of 2006 and 2007. Conditions were variable with thin clouds or high cirrus on three out of five nights. A list of the targets observed can be found in Table 1 and their positions in the IPHAS colour-colour plane, relative to the ERSO population are shown in Figure 1 . Objects with previous spectral classifications are listed in Table 2 .
Observational procedure and data reduction
Each object was observed using both the lrzj8 (0.89-1.51 µm) and lrhk (1.40-2.39 µm) grisms, giving continuous coverage from 0.89-2.39 µm through the z, J, H and K bands. The resolving power was 700 for both grisms, allowing many molecular features and the strongest metal lines to be identified. The spatial scale was 0.25 ′′ pixel −1 , and the slit width used during the observations was 1 ′′ , aligned along the parallactic angle. Observations were performed using an "ABBA" telescope-nodding pattern, placing the source in two positions along the slit, A and B, separated by 80 ′′ . Exposure times for each grism are listed in Table 1 . The bias and dark levels of most near-IR detectors are unstable with time, therefore LIRIS takes a "pre-read" image, which is automatically subtracted from the "post-read" exposure (also known as "double-correlated sampling"). The data were reduced following standard procedures for near-IR spectroscopy, using IRAF 1 and the LIRIS Data Reduction 2 dedicated software. Flat fields were taken at the beginning of each night with each grism and filter setup and applied to all observations as appropriate. Bad pixels were also removed at this stage of data analysis using a bad pixel mask produced from a series of short and long exposures taken at the beginning of each night.
Consecutive pairs of AB two-dimensional spectra were subtracted to remove the sky background and then coadded. Spectra were then extracted from the resulting frames and wavelength-calibrated before co-adding all the frames to provide the final spectrum. The wavelength calibration was provided by observations of argon and xenon lamps. Observations of near-IR standard stars (see Table 3 ) were made throughout each night. The choice of a slit much narrower than the seeing does not allow us to perform flux calibration using our standard star observations, and due to the intrinsic variability of the majority of these sources, would be of limited use.
Near-IR spectroscopic observations are affected by telluric absorption due to scattering and absorption by atmospheric molecules, particularly H2O and CO2. Telluric correction was performed by dividing science spectra by the ratio of a G2V standard star (see Table 3 ) and a rebinned solar model spectrum from Kurucz (1979) , scaled to the airmass of the observation. For those telluric features that do not only vary with airmass (such as H2O) we varied the strength of this correction until an appropriate continuum could be restored. We found this method was particularly effective in correcting telluric absorption in regions with small absorption features where the underlying spectrum contained valuable information. Finally, each spectrum was divided by an estimated continuum to normalise them.
The final data
The resulting data set consists of 139 spectra with a resolution of 20Å in the J band and and 33Å in the H and K bands. Using multiple observations of the O8V standard star HIP92865 (Table 3) , we estimate a typical signal-tonoise ratio of 30. This value drops considerably in regions of strong telluric absorption. The reduced spectra are presented in a series of figures throughout this paper and will also be available in tabulated form through the VizieR service 3 . A number of spectra were presented by Wright et al. (2008) , but we present the full sample here, continuing the numbering system used by those authors.
SPECTRAL ANALYSIS AND CLASSIFICATION
In this section, we first describe the character of the LIRIS spectra we have obtained, ordering the presentation by atmospheric window (J first, followed by H and then K).
When appropriate we further break down the discussion according to the three main groupings of AGB stars by photospheric pattern (O-rich stars, S-type stars and carbon stars). With this overview in place, we move on to the task of formal classification (Section 3.4). It has been commented before (Wallace et al. 2000 ) that the J window is often the most useful in estimating spectral type, containing features due to TiO and VO in O-rich stars, ZrO in S-type stars and C2 and CN in carbon stars. The H band includes two dominant sequences due to the OH and CO molecules, the former only being found in O-rich stars, as well as a strong C2 feature indicative of carbon stars. The wings of the H window are also particularly influenced by water vapour bands typical of the outer atmospheres of highly variable O-rich stars. The K window is less distinctive, being dominated by the CO first overtone bands present in the spectra of all cool evolved stars.
Classification of the LIRIS spectra is based on a range of spectral libraries (e.g. Joyce 1998; Kleinmann & Hall 1986; Lançon & Wood 2000; Wallace et al. 2000) and on discussions of the variation of near-IR molecular signatures with effective temperature and chemical abundances (e.g. Brett 1990; Hinkle et al. 1989; Keenan & Boeshaar 1980; Origlia et al. 1993 ). Where we need to extend these schemes, we will draw attention to it. Derived spectral types are listed in Table 1 .
We will also draw attention to certain objects and spectral features of special interest, including those that do not fit easily within the classification scheme. We note that at the resolution of our spectra, only the strongest atomic lines are visible in all objects observed. Given that the existing classification schemes do not make use of atomic lines, we will not discuss these in detail here.
3.1 The spectra in the J window 3.1.1 M-type (O-rich) stars in the J-band Figure 2 shows J-band spectra for a series of O-rich giant stars. The spectra contain molecular bands primarily due to TiO and, in later spectral types, VO, which identify them as O-rich stars (c.f. Phillips 1969; Brett 1990 ). The TiO bands appear around ∼3600 K (∼M3) for giant stars (Lançon et al. 2007 ) and get deeper as the temperature decreases. The most prominent of these is the TiO ǫ ∆v = −1 feature at 0.92 µm (Schiavon & Barbuy 1999) . This is coincident with a telluric absorption feature that we were able to successfully correct for in the majority of spectra due to its relative shallowness. For sources that are faint in this region, reconstructing the continuum via telluric correction often produced high noise levels and this feature was not always clear.
The smaller neighbouring feature at 0.97 µm is due to the TiO δ ∆v = −1 transition (Brett 1990 ) and we find this discernible from M5-M6 onwards though it is often lost in its deeper neighbour. Other TiO lines in the J-band include the φ ∆v = 0 system at 1.1 µm (just visible on the edge of a telluric H2O feature) and the φ ∆v = −1 system at 1.25 µm, whose two bandheads become visible from M7 onwards.
In late M-type stars the VO molecule becomes the most dominant feature, typically appearing for T ef f 3200 (later than M6, Joyce et al. 1998 ) and growing with decreasing Table 1 for details) shown in order of decreasing effective temperature. Each spectrum has been corrected for telluric absorption and has been divided by an adopted continuum. The spectra have been separated by integer values of normalised flux to make each clear and visible. The shaded area indicates a region of low atmospheric transmission where telluric correction was unable to recover a useful spectrum. Prominent molecular features have been marked, in addition to an O 2 telluric feature at 1.27 µm.
temperature. The largest of these is the 0-0 head of the A 4 Π − X 4 Σ − ∆v = 0 transition at 1.046 µm (Hinkle et al. 1989) . Smaller VO features at 1.168-1.181 µm due to the ∆v = −1 transition of the A-X system are also visible for very late type stars (Brett 1990 ). The ∆v = −2 feature is often visible at 1.325 µm, but can get lost in the deep telluric feature longwards of it (Hinkle et al. 1989) .
Other features present in our spectra are a large number of atomic lines from neutral species, the strongest of which include Mn i 1.295 µm and Al i 1.313 µm. We also see the hydrogen emission lines Pγ 1.093 µm and Pβ 1.281 µm in some of our spectra. The 3rd overtone lines of CO should lie around 1.16-1.24 µm, but Hinkle et al. (1989) searched for them in higher resolution J-band spectra and were unable to find them. We therefore rule out any of the features in this region as being due to CO and believe that the abundant neutral atomic lines predicted in this region of the spectrum by Wallace et al. (2000) offer a more likely explanation. . This sequence is believed to be caused by an increase in the C/O ratio due to dredged-up carbon, but the abundance of Zr (Vanture & Wallerstein 2002) and variations in the photospheric temperature throughout pulsation cycles can also influence the observed spectral type (e.g. Zijlstra et al. 2004) . The photospheres of S-type stars exhibit near unity C/O ratios and enrichment of the s-process elements Zr, Y, La and Ce . With carbon and oxygen almost completely locked up in CO, the sulphides of these heavy elements attain an abundance equal to the oxides . Figure 3 shows J-band spectra for a group of Stype stars which primarily feature bands due to ZrO. The strongest ZrO band visible in our spectra is at 0.93-0.96 µm (the b ′3 Π − a 3 ∆ system 0-0 bandhead, Phillips et al. 1979 ). Its position is almost coincident with the 0.92 µm TiO feature, but the contributions from the two features may be separated and estimated. Some sources (e.g. ERSO 24) show no evidence for the TiO feature, while others (e.g. ERSO 63) show the TiO bandhead at 0.92 µm in addition to a deeper ZrO bandhead at 0.93 µm and are likely the MS-type transition objects. The form of the ZrO feature is clearly distinguishable from those due to TiO (see Figures 2 and 3) .
The most unmistakable ZrO bands are the pair at 1.03 and 1.06 µm (the a 3 ∆ 0-1 and B 1 Π − A 1 ∆ 0-0 band heads respectively, Hinkle et al. 1989) , which are easily identifiable in contrast to the VO feature found in O-rich sources. wing of the strong 0.93 µm ZrO feature. All these features have strengths dependent on the photospheric temperature, C/O ratio and heavy element abundances.
Visible in a large number of our S-type star spectra is a feature at 1.25 µm which Joyce et al. (1998) observed in their spectra of S-types, but were unable to conclusively associate with a specific molecule. It coincides with the positions of the ZrS b ′ -a ∆ν = 0 sequence and the TiS A-X ∆ν = 0 sequence (Jonsson et al. 1992 ), both of which may contribute to the feature. Of the sources that display this feature we note two types. The first type shows the TiS A-X ∆ν = −1 sequence at 1.17-1.22 µm at a similar strength to the 1.25 µm feature (e.g. ERSO 24, ERSO 104, or R And, Jonsson et al. 1992) , while the second type shows either a much weaker or completely absent 1.17-1.22 µm feature (e.g. ERSO 23 or R Cyg, Joyce et al. 1998) . We suggest that in the first set of cases the 1.25 µm feature originates from the TiS molecule, while in the second set of cases the feature is either purely ZrS or a combination of TiS and ZrS. This is supported by the position of the 1.25 µm feature in ERSO 23 appearing at a slightly shorter wavelength to that in ERSOs 24 or 104. Figure 4 shows J-band spectra for four carbon stars in order of increasing feature strength. The spectra of carbon stars in the J-band primarily show features due to the molecules CN and C2. Clearly visible in our spectra are the CN 1-0 and 0-0 bandheads at 0.914 and 1.088 µm (both part of the Red A 2 Σ-X 2 Σ + system, Joyce et al. 1998 ). Also visible in the spectra of some objects are bandheads due to the Phillips and Ballick-Ramsay systems of the C2 molecule (Hunaerts 1967; Querci et al. 1974) . The most prominent of these are the Phillips 1-0 transition at 1.02 µm, the Ballick Ramsay 2-0 transition at 1.174 µm and the Phillips 0-0 transition at 1.207 µm.
Carbon stars in the J-band
Carbon star spectra often show a highly "grassy" appearance which has been attributed to minor CN features and contributions from additional C-rich absorbers across these bands . A high fraction of the isotope 13 C can also lead to many weak molecular features alongside those due to 12 C.
The spectra in the H window
Unlike the J-band, the spectral differences between M, S and C-type evolved stars in the H-band are much more subtle. The band is bordered on both sides by deep telluric H2O features where transmission regularly drops to zero in our spectra. The molecular features in the H-band are principally due to the CO 2nd overtone series and the OH molecule.
CO and OH bands
The CO 2nd overtone (∆v = −3) series extends from 1.56 µm (3-0) to longer wavelengths with higher transition features and develops at temperatures below ∼ 5000 K (Lançon et al. 2007 ). The strongest transition is expected to be (6-3) at 1.62 µm, with strengths decreasing before and afterwards (Origlia et al. 1993 ), though at our resolution this is hard to verify. Bands from the molecular isotope 13 CO are also present in a number of our H-band spectra, though the majority of their lines are confused with lines from 12 CO or OH. Lines of 13 CO in the H-band are very weak even for high 13 C/ 12 C ratios because of the low optical depths of the 12 CO second overtone bands (lines from the first overtone of 13 CO in the K-band are easier to detect). Some of the CO bands are blended with lines from OH, a molecule that is responsible for many features across the H-band, with the strongest at 1.537, 1.625 and 1.690 µm. As the C/O ratio increases, the strength of the OH bands gradually decreases (see sequence in Figure 5 ), while the strength of the CO bands increases. M-type stars typically show a mixture of equal strength CO and OH lines, while for S-type stars the OH lines are very weak. At C/O ∼ 1 the CO bands reach their peak and become well defined. For carbon stars (where C/O > 1), the CO lines wane in strength since less oxygen is available (see Section 3.2.3). Many of the weak unidentified features in the H-band are thought to be due to CN, which produces many small features, giving the impression of a noisy looking continuum (Origlia et al. 1993 ).
Water vapour bands
The cool extended atmospheres of highly variable evolved stars enable the formation of H2O, which can cause deep features coincident with the telluric absorption bands, but significantly broader (e.g. Matsuura et al. 1999) . Their presence implies a source with a large amplitude of variability (δV > 1.7, Lançon & Wood 2000) . The exact shape of the water bands is highly dependent on the exact conditions in the outer atmosphere and varies considerably throughout the pulsation period. The observation of strong H2O bands is evidence of a highly variable very late-type star, though absence of them does not disprove this. Figure 6 shows examples of the effects of water vapour bands on H-band spectra.
We find evidence for water vapour in 13 of our sources, including four with very strong absorption bands (all of which are of type M9.5 or later). The fraction of sources in our sample showing these absorption bands increases towards later spectral types, going from 57% at M8 (4 of 7 stars) to 60% at M9 (3 of 5 stars) and 100% at M10 (4 stars).
Carbon stars in the H-band
At C/O ratios above unity the H-band CO lines decrease in strength and the CN 0-1 bands become dominant. Because the head of this series lies in the telluric absorption feature around 1.4 µm, the band head is lost in a region of nearzero transmission. However, the series extends across most of the H-band and causes a gradient in the continuum across the band (see Figure 6 ). Often the most notable feature in the near-infrared spectra of carbon stars is the C2 band at 1.77 µm (the Ballick-Ramsay Hunaerts 1967) , which is usually the strongest of all the C2 bands in the near-infrared (Loidl et al. 2001) .
Three of our five carbon stars also show an unidentified feature at 1.53 µm (see Figure 6 ) that has previously been observed in cool and high Galactic latitude carbon stars (e.g. Joyce 1998 ). The feature is thought to be due to the second overtone C-H stretch from molecules such as HCN or C2H2 and its presence is well correlated with a feature at 2.45 µm observed in laboratory spectra of C2H2 (Goebel et al. 1981) . However Joyce (1998) found that the 1.53 µm feature was not well correlated with a 3.1 µm feature also associated with the molecules HCN and C2H2. We calculated spectra of C2H2 using the HITRAN 4 line lists (Rothman et al. 2009 ) that includes lines from C2H2 (Hachtouki & Auwera 2002) . The 1.53 µm feature in our spectra matches well with the R-and P-branches of C2H2, confirming it as a likely carrier. The C2H2 cross section at 1.53 µm is a factor ∼7 larger than that of HCN, such that HCN would require a column density ∼7 times that of C2H2 to produce the same absorption. It is therefore easier to explain the observed feature with C2H2 unless HCN is very abundant. The opposite is true for the 3.1 µm feature (Aoki et al. 1998) , which could explain the lack of correlation between the strength of this and the 1.53 µm feature observed by Joyce (1998) No telluric correction has been applied to these sources and the effects of telluric absorption are visible at the short and long wavelength ends of the spectra in the ranges 1.4-1.5 µm and 1.75-1.85 µm (ERSO 12 is an example of the typical levels of telluric absorption before correction has been applied). ERSOs 12, 21, and 26 show the increasing influence of photospheric water vapour bands from negligible to very strong for very late-type O-rich sources (the absorption in the wings of ERSO 12 is believed to be due entirely to telluric water vapour and is typical of uncorrected H-band spectra). ERSOs 113 and 117 show the effects of C-rich molecular features on the H-band. CN absorption is responsible for the slope of the spectra from 1.5 µm longwards (without CN absorption the short-wavelength absorption from telluric H 2 O would be similar to that of ERSO 12 and the full CO sequence would be visible). ERSO 117 also shows the unidentified feature at 1.53 µm which has been suggested to be due to C 2 H 2 .
The spectra in the K window
As in the H-band the K-band is dominated by absorption from CO, though the features are stronger here. The edges of the K-band are defined by strong telluric H2O features and two strong CO2 features around 2 µm. The slope of the spectra in the K-band is also affected by H2O absorption at the long wavelength end of the band, with many minor features contributing to the overall shape of the spectrum (Kleinmann & Hall 1986 ).
Spectra of six evolved stars in the K band of different spectra types are shown in Figure 7 . Our spectra feature four lines from the first overtone (∆v = −2) series of 12 CO, starting at the 2.29 µm bandhead (2-0), with higher order terms extending to longer wavelengths. In M-type stars the strength of these lines increases with increasing luminosity and decreasing temperature and some attempts have been made to use them as an effective temperature diagnostic for giant stars (e.g. Ramirez et al. 1997 ). However, we find only a minor correlation between spectral type and CO band strength. We observe a much stronger correlation with the C/O ratio as was also observed for the CO bands in the Hband. For M-type and carbon stars the CO bands range in strength from very weak (e.g. ERSO 119) through to moderate in strength (e.g. ERSO 1), but are always weaker than those observed for S-type stars where C/O ∼ 1 and the maximum amount of carbon and oxygen are available to form CO. ERSO 11 is a fine example of particularly strong CO bands.
Two lines from the first overtone series of 13 CO are also visible in many of the spectra, unlike in the H-band where the second overtone series of 13 CO is too weak to be visible in our spectra. The remaining features are primarily due to atomic lines from neutral species, the most prominent of which are the Ca i triplet at 2.265 µm and the Na i doublet at 2.208 µm.
Spectral classification methods

Classification of M-type stars
O-rich sources are classified based on the strengths of the TiO and VO bands. For sources later than type M6, the VO band at 1.05 µm (e.g. Figure 3 ) could be easily used to classify the sources. The clarity and isolation of this feature allowed clear spectral types to be assigned with an error of ±1 subtype or better. Sources without VO bands, but showing the TiO bands at 0.93 or 1.10 µm were classified based on the strengths of these. Since both these features lie near to or coincident with small telluric features the error in determining spectral types for these sources is about ±2 subtypes.
Sources that do not show either the TiO or VO features, yet have strong OH bands in the H-band which indicate an O-rich chemistry were harder to classify. After carefully searching for evidence of S-type features or strong CN bands (indicative of M-type supergiant stars, Lançon & Wood 2000), we were unable to assign a clear spectral type to 31 such objects. The presence of strong Kband CO lines confirms that all our sources are of late-type (K0 or later, Lançon et al. 2007) , while the lack of TiO or VO features implies they are earlier than type M2. Therefore these sources are listed as having spectral types of "K0-M2".
Classification of S-type stars
Sources showing ZrO features were identified as S-type stars and these spectra were then searched for the presence of Orich or C-rich features which might identify them as MS or SC-type stars (in the 1.10 µm region small features from the molecules TiO, TiS and CN can be easily separated, allowing MS, S and SC-type stars to be identified). The existing classification system for S-type stars of the form SX/Y was put forward by Keenan & Boeshaar (1980) and uses a temperature class, X (that mirrors that for O-rich M-type stars), and an abundance index, Y. The abundance index varies from 1-10 as the surface chemistry varies from O-rich (Y 1), to MS-type (Y = 2−4), S-type (Y = 5−6), SC-type (Y = 7−9) and finally C-rich (Y 10) stars. Unfortunately the temperature class indicators used by Keenan & Boeshaar (1980) are based on molecular bands in the optical, and the lack of any such indicators in the near-IR prevents us from assigning temperature classes to sources that do not show any O-rich features. We base the estimation of the abundance index on the relative strengths of the TiO, ZrO, and C2 bands, as listed by Keenan & Boeshaar (1980) . We also used the presence of the unidentified feature at 1.25 µm as an indicator of the abundance index since Joyce et al. (1998) observed this feature only in stars with an abundance index of 5-7.
Classification of carbon stars
Carbon stars were identified based on the presence of either the deep C2 feature at 1.77 µm or deep CN bands across the J and H-bands. In the spectra of carbon stars the CN and C2 features are known to increase in strength as the effective temperature decreases and the C/O ratio increases (Loidl et these two effects are inextricably combined and that published temperature sequences or spectral class sequences do not show trends in the observed absorption features that would allow classification. Further complications in the classification of carbon stars are introduced by the different population types (R, N, or J) that are classified based on atomic and molecular features in the blue (e.g. Keenan 1993 ) and the influence of metallicity. Because of this we are unable to determine accurate spectral types for our carbon stars without fitting them to model spectra (e.g. Tanaka et al. 2007 ) that would reveal their physical characteristics. The weak CO bands observed in all our carbon stars could indicate very high C/O ratios for these sources. The trend for very late-type stars in our sample, and the potential observation of C2H2 in four of our five carbon stars suggests that they are likely to have particularly cool photospheres.
RESULTS OF SPECTRAL CLASSIFICATION
Spectral classification was attempted for all sources observed. Of the 139 sources, 109 were found to be O-rich, 22 are of S-type and 5 are carbon stars. We were unable to classify 3 of the sources due either to unknown spectral features or noisy spectra. The assigned spectral types for these sources are listed in Table 1 . Figure 1 shows the positions of all observed sources in the IPHAS colour-colour plane, illustrating their chemical type.
M-type stars
There are 109 O-rich sources amongst our sample of 139 sources with LIRIS spectra. 31 of these show no evidence for TiO or VO features but do show CO bands. These have all been classified as type K0-M2. Some of these sources may be of later type but are unidentifiable because of the low transmission around 0.92 µm and the resulting inability to accurately remove the telluric absorption and identify any underlying features. Wright et al. (2008) estimated that Ktype giants were unlikely to significantly contribute to the ERSO region because of their bluer intrinsic colours and lower luminosities. This could suggest that these unclassified sources are of early-to-mid M-type, but that the necessary spectral features to classify them as such are unavailable.
Of the remaining 78 sources, 45 show clear VO bands indicating they are of type M6 or later. This high fraction of late-type stars supports our use of the "extremely-red" region of the IPHAS colour-colour diagram to select such late-type sources for our spectral library. The M-type stars show an even distribution across the colour-colour plane in Figure 1 . Figure 8 shows the (r ′ − i ′ ) colours of all observed M-type stars with spectral types of M2 or later (earlier types are not included because of the large errors associated with determining spectral types from their relatively featureless spectra). A weak trend between (r ′ − i ′ ) colour and spectral type does exist, though the spread is large and influenced by small number statistics. It is worth noting that the reddest source at each spectral type increases almost linearly from M2 to M6. This is most likely due to a combination of intrinsic colour and the fact that sources of later spectral type will be more luminous (therefore likely to be more distant and experience greater interstellar reddening) and may have undergone more mass loss (therefore have greater circumstellar reddening).
Emission-line sources
We searched for emission-lines in all our spectra, particularly for lines from the Paschen series found in the near-IR, e.g. Pβ at 1.282 µm and Pγ at 1.094 µm. Mira variables are known to exhibit phase-dependent emission-lines in the spectra due to shocks in their atmospheres from stellar pulsations (e.g. Hinkle & Barnes 1979) . We observe emission lines in six of our spectra, three of which are oxygen-rich and three are S-type stars. Of the four stars with emission lines and for which temperature class information is available, all are of type M7 (or equivalent) or later suggesting that later type stars experience more shocks in their atmospheres. Since these shocks are thought to be due to stellar pulsations, this supports the belief that pulsations are stronger and more regular in stars of later spectral-type. The (r ′ −Hα) colours of all these sources are not particularly large, supporting the suggestion by Wright et al. (2008) that the 2 yr separation between IPHAS photometric measurements and these spectroscopic observations is longer than the temporary nature of these spectral features (likely to be less than the pulsation period of the star, Bessell et al. 1996) .
The object with the strongest Paschen β emission line is ERSO 27 (V890 Cas) which has (r ′ −Hα) = 1.02 and whose spectrum is shown in Figure 9 . While it does not have a particularly high (r ′ −Hα) colour, it is an S-type star, which were shown by Wright et al. (2008) to have lower (r ′ −Hα) colours compared to O-rich stars, and so the effects of this and an Hα emission line may be cancelling each other out.
S-type and carbon stars
We find 22 S-type stars and 5 carbon stars in our spectral library. More than half of the S-type stars show no evidence for O-rich features, which gives them abundance indices of 6 or more (Keenan & Boeshaar 1980) . We find only 1 S-type star with an abundance index 2, which we attribute to the difficulty in identifying the weak S-type features in these sources against the stronger O-rich features. A small number of O-rich stars may therefore have been mis-classified as such. There is a notable concentration of S-type stars towards lower (r ′ −Hα) colours, supporting the trend originally noted by Wright et al. (2008) , while the carbon stars show intermediate colours between the O-rich and S-type stars (an effect commented on by Drew et al. 2005) . The reason for these colours is that in O-rich stars TiO features cause a falsely low continuum in the r ′ band, while the Hα filter excludes these features resulting in a large (r ′ −Hα) colour. S-type stars however have weaker ZrO features across the r ′ filter and a ZrO feature coincident with the Hα filter, causing absorption resulting in a much lower (r ′ −Hα) colour (see Figure 19 of Wright et al. 2008 , for spectral examples of this effect).
To illustrate this effect we show in Figure 10 the (r ′ −Hα) colour as a function of the abundance index used to classify S-type stars. Despite the small number of sources we note a clear trend for stars with a higher abundance index to have smaller (r ′ −Hα) colours. We explain this trend as due to the waning strength of the TiO features that give rise to high (r ′ −Hα) colours and the growing strength of ZrO features that give rise to low (r ′ −Hα) colours. The minimum (r ′ −Hα) colour appears to occur at an abundance index of 6 -8, the stage where ZrO-dominated spectra shift to those dominated by the sodium D lines. It should be noted however that this relationship is only based on sources in the ERSO region of the IPHAS colour-colour plane and does not consider less reddened sources. It also does not consider any influence on the (r ′ (r ′ −Hα) colours and therefore a more accurate relationship on the (r ′ −Hα) deficit must be determined as a function of the (r ′ − i ′ ) colour. The abundance index was considered by Keenan & Boeshaar (1980) to be a good indicator of the C/O ratio. However, the ZrO and TiO bands that determine the abundance index are dependent on the Zr/Ti ratio and the photospheric temperature as well (e.g. Zijlstra et al. 2004; García-Hernández et al. 2007) . It had been thought that the Zr/Ti ratio might scale with the C/O ratio (Scalo & Ross 1976) , because both carbon and s-process elements are dredged to the surface during mixing events on the AGB. However a direct relationship has not been conclusively established (Vanture & Wallerstein 2002) and the two mixing rates may be different or the ratios start from different initial values. If this were the case two scenarios would arise where C/O exceeds unity either after or before the Zr/Ti ratio reaches the level where ZrO bands outweigh TiO bands. In the former situation we would expect to see evolution follow the M-S-C sequence, with the S-type phase lasting until C/O exceeds unity. In the latter case the star might evolve straight from O-rich to C-rich without an S-type phase, potentially passing through a phase where all the C and O is tied up in CO and only sulphides are visible. A source such as ERSO105 with strong CO bands and no identifiable O-rich, S-type or C-rich features might be an example of such an object.
Extrinsic and intrinsic S-type stars
A small subset of S-type stars (now dubbed extrinsic S stars) are believed to acquire their Zr not from the third dredgeup (as is typical for AGB stars) but from mass-transfer from an evolved binary companion during an earlier evolutionary phase (Jorissen & Mayor 1988) . When the star later evolved onto the red giant branch (RGB), ZrO was able to form. Extrinsic and intrinsic (true AGB stars) S-type stars were originally separated by studying lines from the unstable element Tc that are observed in the atmospheres of AGB stars (following nucleosynthesis and the third dredge-up) but not in the less-evolved RGB stars where it has decayed (Brown et al. 1990 ). To determine if the S-type stars identified in this work are intrinsic or extrinsic, we have utilised the near-and mid-infrared colour-colour diagrams presented by Yang et al. (2006) Wright et al. (2008) . We find suitable associations for 18 of the 22 S-type stars and that all have colours placing them in the region of the near-and mid-IR colour-colour diagram characterised by intrinsic S-type stars. It is likely that our colour selection criteria for these spectra has preferentially selected the redder and more luminous AGB stars over red giant branch stars and has therefore selected intrinsic S-type stars over extrinsic types.
Notes on individual sources
The S-type star ERSO 24 lies 8.6
′′ from the variable star EI Per, which Bidelman (1987) identified from infrared plates as a Mira of spectral type M8. Our spectra show very strong ZrO bands (see Figure 3 ) and we find no evidence for O-rich features, including the H-band OH lines. IPHAS images of ERSO 24 show no other sources within 30 ′′ with reddened colours. Despite the difference in spectral type between EI Per and ERSO 24 we find no other candidates for EI Per in the IPHAS images so assume that the two are the same star. The star has either undergone a recent abundance change from O-rich to S-type or the previous unverifiable spectral type identification was inaccurate.
ERSO 60 is located 6.4 ′′ from an IRAS source that Cohen (1995) suggested could be a Wolf-Rayet candidate based on its position in the IRAS two colour diagram. An inspection of IPHAS images reveal no other highly reddened sources in the vicinity, suggesting that the IRAS source is most likely associated with ERSO 60, the spectra of which indicate it is certainly a C-rich AGB star.
ERSO 80 was classified by Stephenson (1990) as an Stype star, who noted that the object had no TiO bands, weak LaO bands and was quite red. Our spectra do not show any TiO or ZrO features, but do show moderate CN bands at 1.088 µm, as well as a very clean H-band CO spectrum with no OH bands, both indicative of a near unity C/O ratio. There is no evidence for any bands of C2, which can appear for C/O> 1, so our spectral classification is limited to an abundance class of 8, which Keenan & Boeshaar (1980) define as a star having no ZrO or C2, and C/O ∼ 1. The deep CO bands and the presence of LaO, which is only thought to be visible for T ef f < 2800 K, indicates a relatively cool photosphere and a temperature class around 9±2. Therefore we assign ERSO 80 a spectral classification of S9/8 on the S-type classification system, or SC9/8 since it is an SC-type star.
ERSO 136 is listed in the General catalog of galactic carbon stars (Alksnis et al. 2001 ), but its position in the IRAS colour-colour diagram suggests O-rich circumstellar chemistry, as noted by Chen et al. (2003) who suggested the star is actually O-rich. IRAS low-resolution spectra (Omont et al. 1993) show no evidence for silicate dust features and our spectra contain weak CN lines in the Jand H-bands, which indicates a potentially C-rich object. The lack of both the 1.77 µm C2 band and very strong CO bands indicates that the C/O ratio is near unity. If this source has only recently become C-rich it may explain its ambiguous mid-and far-infrared colours and spectra.
CONCLUSIONS
We have presented near-IR spectra of 139 AGB stars that have been classified by comparison with existing spectral libraries. Our spectral library covers the full range of O-rich, S-type and carbon stars, with a significant number of very late-type sources in all chemical types. This was achieved by selecting sources from the extremely red region of the IPHAS colour-colour plane, which has been shown to be dominated by late-type AGB stars. Classification of late K-type and early M-type stars was not possible due to the lack of clear classification diagnostics at our resolution for these sources.
The spectral library also includes a significant fraction of S-type stars, which have been classified by temperature index and abundance index where possible. We find a strong correlation between the IPHAS (r ′ −Hα) colour and the C/O abundance index for S-type and carbon stars. Combined with photometry in the near-IR (e.g. Cioni & Habing 2003) , this relation could be used to separate O-rich, S-type and carbon stars based on photometry alone. Given the recent generation of optical and near-IR photometric surveys across the Galactic Plane, data are available to provide a broad identification of AGB-star chemistries across much of the Galaxy from the solar neighbourhood outward. Since the fraction of O-rich, S-type and carbon stars is a known indicator of metallicity, this could be used to trace the metallicity gradient in the outer Galactic disk. Further spectra will be necessary to refine this relationship and determine its dependence on the IPHAS (r ′ − i ′ ) colour. 
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